We propose and demonstrate the all-optical analog-todigital conversion (ADC) using optical delay line encoders. Experimental results show that input analog signals are successfully converted into 3-bit digital signals at a bit rate of 40 Gb/s. key words: all-optical analog to digital conversion, self-frequency shift, optical quantization, optical coding
Introduction
Analog-to-digital conversion (ADC) has been widely studied as a key interface technology to connect continuous analog signals and manageable digital signals. Recent tremendous growth of high-speed digital signal processing and communication systems has encouraged the demand for a high-speed ADC. For the realization of a high-speed ADC, optical approaches have much attracted recently [1] . ADC consists of three processes: sampling, quantization, and coding. Whereas the feasible sampling techniques with a high-sampling rate have been proposed, there are few investigations of optical quantization and coding [2] - [6] . Previously, we have proposed the all-optical ADC composed of optical quantization using self-frequency shifting in a fiber and optical coding using a pulse shaping technique [3] , [4] . Whereas optical coding using a pulse shaping technique is suitable for the generation of digital signals at a high bit rate of several hundreds Gb/s [4] , the standard bit rate in current systems is up to several tens Gb/s. To match the bit rate of output digital signals to the standard one, another coding scheme that allowed us to output digital signals at lower bit rate is required. In this paper, we propose and demonstrate the all-optical ADC using optical delay line encoders that enables to set a bit rate of output digital signals in the range from several Gb/s to over a hundred Gb/s.
Principle
The proposed system realizes optical qunatization and optical coding after optical sampling process. The schematic diagram of the proposed all-optical ADC is shown in Fig. 1 . In optical qunatization [3] , we use the phenomena of selffrequency shifting in a fiber [7] and a dispersion device. Since the amount of self-frequency shifting increases with depending on the power of an input pulse, the power levels of an input analog signal converts into the amount of the center wavelength shift. After self-frequency shifting, each frequency-shifted signal is promptly output to each different port of a dispersion device. In optical coding, we prepare each different optical delay line encoder at each output port of a dispersion device. In the upper left of Fig. 1 shows an optical delay line encoder to output 3-bit digital signal as an example. The self-frequency shifted signal is duplicated by an optical coupler. Since the length of each path is changed by optical delay line, we can achieve the discrete-time digital signal. A bit rate of the output digital signal depends on the differences between lengths of each delay line. Thus, we can set a bit rate of an output digital signal in the range from several Gb/s to over a hundred Gb/s by adjusting lengths of each delay line.
Experimental Setup and Result
To demonstrate the all-optical ADC, we executed preliminary experiments by using the same setup as Fig. 1 . We used a short pulse irradiated from a fiber laser as a light source. The pulse width, the center wavelength, and the repetition rate are 500 fs, 1558 nm, and 50 MHz, respectively. We prepare a set of analog signals by changing the power of the pulse using a variable optical attenuator. We set the average powers of input pulses as 8.25 dBm, 8.65 dBm, 8.90 dBm, 9.18 dBm, 9.27 dBm, 9.33 dBm, and 9.44 dBm. For the generation of the self-frequency shift, these signals were propagated in a 2 m-HNLF. The output spectrum after self-frequency shifting is shown in Fig. 2 . From Fig. 2 , the center wavelength of each analog signal changed to 1546 nm, 1536 nm, 1526 nm, 1516 nm, 1506 nm, 1496 nm, and 1486 nm, respectively. The frequency-shifted signal was output to a different port of AWG depending on a power of an input analog signal. The output signal from each port of AWG was fed to each different optical delay line encoder. In this experiment, we used the gray code coding scheme because it is one of the most popular ones used in ADC for avoidance of fatal detection errors. Figures 3(a) -(g) show the optical delay line encoders to output 3-bit gray code. In Fig. 3 , each path of an optical delay line encoder corresponds to each bit of an output digital signal, and the differences between the lengths of each delay line determine bit intervals of an output digital signal. Here, we assume that the inverse number of bit intervals is equivalent to the bit rate of a digital signal. To output digital signals at a bit rate of 40 Gb/s, we set the differences between each length of delay line for 7.5 mm. Consequently, an input analog signal is converted into a 3-bit gray code with 25 ps bit intervals. We measured the temporal waveform of the output digital signal at each output port using an oscilloscope. Experimental results of output digital signals are shown in Figs. 4(a)-(g). From Fig. 4 , we can confirm that input analog signals were successfully converted into 3-bit gray code.
Conclusion
We have proposed and demonstrated the all-optical ADC using optical delay line encoders. Preliminary experimental results showed that input analog signals were successfully converted into 3-bit gray code at a bit rate of 40 Gb/s. These results suggest that the proposed ADC could cover the standard bit rate in current system.
